INTRODUCTION
Chromatin remodeling for transcriptional regulation involves protein complexes with two distinct types of enzymatic activities, i.e. ATP-dependent chromatin-remodeling and posttranslational histone modification. The four major classes of ATP-dependent chromatin-remodeling complexes − SWI/SNF, ISWI, Mi-2/NuRD, and INO80 − are characterized by the identity of their ATPase subunit (1) (2) (3) . Human SWI/SNF complexes contain either human Brahma (hBRM) or Brahma-Related Gene 1 (BRG1) protein as the catalytic ATPase subunit, along with approximately 10-12 BRG1-associated factors (BAFs), the composition of which varies (4) . The nature of the remodeled chromatin state generated by SWI/SNF complexes has been extensively studied in vitro and is characterized by increased mobility of nucleosomes on DNA templates and altered degree of association of DNA with histones within nucleosomes (2, 5) . The role of SWI/SNF complexes in nuclear receptor (NR)-mediated transcriptional activation was first studied for the glucocorticoid receptor in a heterologous yeast model system and later in mammalian cells (3, 6, 7) . SWI/SNF complexes play critical roles in establishing hypersensitive chromatin architecture associated with steroid hormone receptor binding sites on DNA and are recruited to these sites in a hormone dependent manner (4, 8, 9) .
Including the SWI/SNF complex, more than 300 coactivators and corepressors for NRs have been identified, but their mechanistic contributions to transcriptional activation and the mechanisms that coordinate the activities of multiple coactivator complexes on promoters of NR target genes are mostly unknown (10) (11) (12) (13) . Recent studies identified Flightless-I (Fli-I) as a transcriptional coactivator for NRs, including estrogen receptor (ER) α and thyroid hormone receptor, in transient reporter gene assays (14) . Fli-I has a leucine-rich repeat (LRR) region at its Nterminus and a C-terminal gelsolin-like domain (Fig. 1A ) which places it in the gelsolin protein family (14) . Like other members of the gelsolin family, Fli-I binds to actin and actin-related proteins (15, 16) . Also like gelsolin, the C-terminal gelsolinlike domain of Fli-I consists of two large tandem repeats, each of which contains three smaller repeats ( Figure 1A ); in gelsolin, each small repeat folds as an independent structural module (17) . Although we previously showed that Fli-I is required for activation of a transient reporter gene by steroid hormones (14) , the mechanism by which Fli-I contributes to transcriptional activation of NR target genes is unknown. Our finding that Fli-I interacts directly with NRs and BAF53 (14) , which is an actinrelated protein component of SWI/SNF complexes (4, 18) , suggests a possible functional relationship between Fli-I and SWI/SNF. This led us to propose that Fli-I might be responsible for recruitment of the SWI/SNF complex to steroid hormoneresponsive promoters (14) . In the current study we therefore tested whether depletion of Fli-I by siRNA affected the estrogendependent expression of endogenous ER target genes and recruitment of SWI/SNF to the corresponding promoters of ER target genes. Our findings indicate an important role for Fli-I in the transcription initiation process and the function of SWI/SNF and support a model for multiple roles of SWI/SNF complexes in estrogen-dependent transcription of ER target genes.
length Fli-I (pTriEX4-Fli-I) was created by PCR amplification of pCDNA-Fli-I and subcloning into NcoI and XhoI sites of pTriEX4 vector (Novagen). pTriEX4-Fli-I-ΔG1 lacking amino acids 495 to 597 was generated by two step PCR amplification and insertion. The first PCR product comprised of the first 1410 bp of Fli-I cDNA was inserted into NcoI and BamHI sites of pTriEX4, and the second PCR fragment comprised of bp 1719-3801 was inserted into the XmaI site within the previous insert and the XhoI site in pTriEX4 vector. Point mutations in Fli-I, GelA and G1 were introduced by site-directed mutagenesis using the Quick-Change II Site-Directed Mutagenesis Kit (Stratagene). BRG1 expression plasmid was kindly provided by Dr. Anthony N. Imbalzano (University of Massachusetts Medical School).
Protein interaction assays and immunoblot
The procedure for GST-pulldown assays was described previously (14) . GST-fusion proteins were expressed in E. coli BL21(DE3) strain and purified by incubation with glutathione Sepharose beads and washing with NETN buffer (300 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl (pH 8.0), and 0.01% NP-40). His-tagged BAF53 and Fli-I were also expressed in E. coli BL21(DE3) strain and purified with Ni-NTA agarose beads (Qiagen). FLAG-tagged Fli-I fragments were synthesized by transcription and translation in vitro using the TNT-Quick coupled reticulocyte lysate system (Promega) according to the manufacturer's protocol. For coimmunoprecipitation assay, 293T cells were plated at 1.5 X 10 6 cells per 10-cm dish and transiently transfected using Lipofectamine 2000 (Invitrogen) and the indicated amount of plasmids. At 48 h after transfection, cell extracts were prepared in 1.0 ml RIPA buffer (50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 2 mM EDTA). Immunoblotting was performed as described previously (14) , using the following antibodies: anti-His, anti-ERα, anti-Fli-I, anti-BRG1, anti-BAF53, anti-β-actin, anti-GAL4DBD and normal mouse or rabbit IgG (Santa Cruz Biotechnology); anti-HA (Roche Applied Science); anti-FLAG (Sigma Aldrich).
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed according to previously described protocols (14) . Briefly, MCF-7 cells were transfected with siRNA and then cultured for 3 days in phenol redfree Dulbecco's modified Eagle medium supplemented with 5% charcoal-dextranstripped fetal bovine serum. At approximately 90% confluency, cells were treated with 100 nM estradiol (E2) or vehicle for the indicated time. After crosslinking with formaldehyde, cell extracts were prepared from control and E2-treated MCF-7 cells. Immunoprecipitation of sonicated chromatin solutions was conducted by overnight incubation at 4°C with normal mouse or rabbit IgG, anti-ERα, anti-Fli-I, anti-BRG1, anti-TRAP220 (Santa Cruz Biotechnology) or anti-RNA polymerase II (Millipore). Cross-linking was reversed by heating and immunoprecipitated DNA was purified by phenol-chloroform extraction and ethanol precipitation. The purified DNA was dissolved in 100 μl of TE buffer (10 mM Tris-HCl (pH 8.0), 1 mM EDTA) and analyzed by quantitative PCR using the Stratagene Mx3000P system with SYBRGreen dye. The primers used were: pS2 promoter region, 5'-GGCAGGCTCTGTTTGCTTAAAGAGCG-3' (forward) and 5'-GGCCATCTCTCACTATGAATCACTTCT GC-3' (reverse); pS2 coding region, 5'-TGCCAGCTGTGGGGAGCTGAATAACT T-3' (forward) and 5'-CAGTTCGTTCTGTACACCGAGGCCAC T-3' (reverse); GREB1 promoter region, 5'-GTGGCAACTGGGTCATTCTGA-3' (forward) and 5'-CGACCCACAGAAATGAAAAGG-3' (reverse).
RNA interference and qRT-PCR
Small interfering RNA experiments were performed according to previously published methods (14) . The sequences of siRNA used were:
siNS, 5'-UUCUCCGAACGUGUCACGUdTdT-3' (sense) and 5'-ACGUGACACGUUCGGAGAAdTdT-3' (anti-sense) (20 (24) . Relative expression levels were normalized to GAPDH mRNA levels.
RESULTS

Reduction of endogenous Fli-I attenuated the expression of ER target genes.
We previously showed that Fli-I enhances and is required for efficient NR mediated transcription of transiently transfected reporter genes (14) . Here we examined endogenous ER target genes in MCF-7 cells. Compared with non-specific siRNA (siNS), siRNA specific for Fli-I (siFli-I) effectively reduced Fli-I mRNA and protein levels (Fig.  1B) . Fli-I siRNA also significantly inhibited E2-dependent expression of the endogenous pS2, GREB1 and cathepsin D genes (Fig.  1C , showing the mean and SD from results of seven independent experiments). For the seven independent experiments, the reduction of Fli-I mRNA levels was 57 ± 13 %, and the fold induction of ER target gene expression by E2 was reduced by 48 ± 14 % for pS2 mRNA (p < 0.01 by paired, twotailed T-test), 47 ± 8 % for GREB1 mRNA (p < 0.01), and 49 ± 21 % for cathepsin D mRNA (p < 0.05) (Fig. 1C and Supplementary Table S1 ). The percentages given above for effect of siRNA on ER target gene expression represent the % reduction in the E2-induced mRNA level after subtracting out the basal mRNA level (since basal expression was not significantly affected by the Fli-I-specific siRNA); see Supplementary Table S1 for the formula used in the calculation. Although knockdown efficiency of Fli-I varied from experiment to experiment, there was a strong linear correlation between reduction of Fli-I mRNA and reduction of E2-induced levels of pS2 mRNA with R 2 correlation coefficient of 0.83 (Fig. 1C) . The reduction of Fli-I mRNA level by another siRNA targeting a different part of the coding region of Fli-I caused a similar inhibition of ER target gene expression ( Supplementary  Fig. S1 ). Thus, Fli-I is required for hormonal induction of ER target genes in MCF-7 cells.
Mapping interaction sites of Fli-I with ER.
We previously showed that Fli-I binds to full length ER (14) . To further explore possible functional relationships, we mapped the ER binding site on Fli-I. ER-ligand binding domain (LBD) fused to glutathione Stransferase (GST) bound in vitro in an E2-dependent manner to the GelA domain (amino acids 495-822) of Fli-I but not to the LRR domain (amino acids 1-494) or the GelB domain (amino acids 825-1269) ( Fig.  2A) . In similar GST pulldown assays with each of the three repetitive subregions of GelA (Fig. 1A) , only the third repeat (G3, amino acids 710-822) bound ER-LBD, and binding was E2-dependent, indicating that G3 is the major binding site for ER-LBD (Fig. 2B, upper panel) . Conversely, GSTtagged G3 bound an in vitro translated ER fragment consisting of the DNA binding domain (DBD) and LBD in a hormonedependent manner ( Figure 2B, lower panel) .
Interestingly, the G3 fragment contains an LXXLL motif (where L represents leucine and X denotes any amino acid) which is observed in many coactivators that interact with hormone activated NR. To determine whether the LXXLL motif in G3 is required for the hormone-dependent interaction with ERα, a GST pulldown assay was performed using a mutant GelA fragment with Leu769 and Leu770 changed to Ala (i.e. LXXLL to LXXAA). This mutation eliminated binding of GelA to hormone activated ERα (Fig 2C) . Furthermore, the same mutation in Histagged full length Fli-I almost completely eliminated binding to ERα LBD, compared with wild type Fli-I (Fig. 2D) , suggesting that the ER-Fli-I interaction is direct, that the G3 gelsolin repeat is the primary site in Fli-I for binding to ER LBD, and that the LXXLL motif is critical for this interaction.
Fli-I interacts directly with BAF53.
We previously demonstrated by coimmunoprecipitation that the GelA fragment of Fli-I binds BAF53, an actin-like component of the SWI/SNF complex (14) . In further mapping studies, deletion of the G1 module (amino acids 495-597) from Histagged full length Fli-I substantially decreased co-immunoprecipitation of HAtagged BAF53 by anti-His-tag antibodies from total cell extracts of transiently transfected 293T cells (Fig. 3A) . Thus the G1 fragment is required for binding of BAF53 to full length Fli-I. Furthermore, purified recombinant His-tagged BAF53 was bound by GST-tagged GelA, but not by GST-LRR or GST-GelB, indicating that the GelA-BAF53 interaction is direct (Fig. 3B) . The G1 fragment of GelA was sufficient to bind BAF53 (Fig. 3C) .
A Glu-to-Lys mutation in the first actin-binding motif of the protein gelsolin reduces binding of gelsolin to actin (25). We previously showed that the analogous E585K mutation in the G1 motif of Fli-I reduced binding of the GelA fragment of Fli-I to BAF53 (14) . The same mutation in full length Fli-I substantially reduced binding to BAF53 (Fig. 3D ). This result confirmed that G1 is the primary BAF53 binding site in Fli-I and that Glu585 in fulllength Fli-I is critically involved in the interaction with BAF53.
In contrast, purified recombinant BAF53 did not bind to GST-ER-LBD (Fig. 3E) ; thus any association between BAF53 and ER would have to be indirect and could potentially be mediated by Fli-I.
Fli-I binding to ER and to the SWI/SNF complex is important for ER-mediated transcription.
Components of the SWI/SNF complex form a very strong protein complex which is stable even in 3M urea, and most SWI/SNF subunits (e.g. BRG1, hBRM, and BAFs) exist in complexes in vivo (26) . We failed to observe direct interaction of BRG1 with Fli-I (data not shown), but we found that the GelA fragment of Fli-I binds to BAF53 directly (Fig. 3B) . Therefore, we speculated that Fli-I recruits the SWI/SNF complex via interaction with BAF53. Among the three actin binding motifs in the GelA region, the G1 fragment showed strong autonomous transcriptional activation when fused to Gal4 DBD (Fig. 4A) , and we also found that the G1 fragment is sufficient to interact with BAF53 ( Fig. 3C) , suggesting that the recruitment of the SWI/SNF complex by G1 may account for the transcriptional activation. The observation that the G1(E585K) mutant protein which does not bind to BAF53 showed much weaker transcriptional activation (Fig. 4B ) supports our hypothesis that Fli-I recruits the SWI/SNF complex via the interaction with BAF53 to activate ER-mediated transcription.
To assess whether Fli-I requires interaction with ER or the SWI/SNF chromatin remodeling complex for its coactivator function, we performed ERmediated reporter gene assays in SW13 cells. The SW13 cell line contains no detectable BRG1 or hBRM proteins (the ATPase core subunits of SWI/SNF), but nonetheless contains all the BAF subunits of the SWI/SNF complex (6, 27) . ER-mediated activation of estrogen responsive genes was diminished in these cells; but reintroduction of the BRG1 protein induces formation of a functional SWI/SNF complex and restores estrogen stimulated gene expression, indicating that SWI/SNF activity is essential for estrogen receptor mediated transcription. In our study wild type GelA, GelA(E/K) or GelA(LL/AA) were transiently expressed with ERα in the absence or presence of coexpressed BRG1. In the absence of BRG1, ERα failed to activate transcription efficiently in the presence of E2 ( Fig. 4C  lanes 1-2) . However, expression of BRG1 in SW13 cells by transient transfection restored hormone dependent activation of the reporter gene (lanes 3-4). Interestingly, the level of transcription was synergistically enhanced by co-expression of BRG1 with GelA (lanes 6-7), which can bind to ER through the G3 motif and to BAF53 in the SWI/SNF complex through the G1 motif. However, GelA alone did not activate reporter gene expression in the absence of BRG1 (lane 5). In contrast, the GelA(E585K) mutant which does not bind to BAF53, and the GelA(LL/AA) mutant which does not bind to ERα failed to cooperate functionally with BRG1 and ERα ( Fig. 4C lanes 8-13 ). These results further support the ability of Fli-I to recruit the SWI/SNF complex to ER target promoters by the interaction of GelA with ERα through the leucine-rich motif (LXXLL) in G3 and by the interaction of GelA with BAF53 through the G1 motif.
Fli-I is required for recruitment of SWI/SNF chromatin-remodeling complex to the promoter of an ER target gene, pS2. Results from our protein interaction and transient reporter gene assays (Figs. 2-4 ) indicated that the interaction of Fli-I with ER and with the SWI/SNF subunit BAF53 are critical for the coactivator function of Fli-I. Therefore, we tested whether Fli-I is involved in recruitment of SWI/SNF to the promoter region of an endogenous ER target gene. E2 treatment results in cyclical recruitment of ER and various coregulators to the pS2 promoter in MCF-7 cells (28) (29) (30) . ERα and Fli-I were associated with the pS2 promoter at 30 and 60 min after E2 treatment of MCF-7 cells (Fig. 5A ), but Fli-I was not recruited to the pS2 coding region (Fig. 5B) , demonstrating regional specificity of Fli-I recruitment. A more detailed time course of Fli-I occupancy on the pS2 promoter during E2 treatment found that there were two peaks of Fli-I occupancy around 20 and 80 min of E2 treatment ( Supplementary Fig. S2 ). E2 also induced occupancy of BRG1 on the pS2 promoter at 30 min; BRG1 occupancy was reduced to the uninduced level at 60 min (Fig. 5A) , consistent with the different timing previously observed for recruitment of BRG1 versus ER (30) .
Next, transfection with siRNA was used to test whether Fli-I is required for recruitment of BRG1 to the pS2 promoter in response to E2. The siRNA against Fli-I reduced the endogenous cellular level of Fli-I protein and mRNA, but had no effect on the level of ERα, BRG1, BAF53 or actin protein (Fig. 6C , two right panels). Using MCF-7 cells transfected with non-specific or Fli-I-specific siRNA, we analyzed the occupancy of ER, selected coregulators, and RNA polymerase II on the pS2 promoter at time points between 0 and 120 min after adding E2. Although the peaks are small, we consistently observed three distinct cycles of ERα recruitment to the pS2 promoter during 120 min of E2 treatment, consistent with previous reports (30) ; moreover, this pattern of ERα occupancy of the pS2 promoter was the same in cells transfected with nonspecific siRNA or siRNA against Fli-I (Fig.  6A, left panel) . We observed a large, early peak of BRG1 recruitment to the pS2 promoter at or before 30 min of E2 treatment, and a second smaller peak at approximately 90 min; this was also consistent with a previous finding that the first peak of BRG1 recruitment overlaps with but reaches its maximum before the initial peak of ER recruitment, and that subsequent peaks of BRG1 recruitment were out of phase with peaks of ER recruitment (30) . When endogenous Fli-I protein level was reduced, the early peak of BRG1 recruitment was eliminated, but the later peak was not (Fig. 6A, middle panel) . The recruitment of RNA polymerase II reached a peak at 60 min after the beginning of hormone treatment in siNS transfected MCF7 cells and reached another peak at 120 min or later (right panel). The two peaks of RNA polymerase II recruitment correspond to the second and third peaks of ERα recruitment observed here and previously (30) . Depletion of endogenous Fli-I substantially compromised the hormonedependent recruitment of RNA polymerase II at both 60 min and 120 min (Fig. 6A right  panel) .
Although these results were reproducible in multiple independent experiments, the small number of time points in the first peak of BRG1 recruitment led us to examine in more detail the early time period after E2 addition. We observed a broad peak of ER occupancy on the pS2 promoter with a maximum value at approximately 40 min, while Fli-I and BRG1 occupancy peaked at approximately 10-15 min (Fig. 6B) . Transfection with siRNA against Fli-I had no effect on recruitment of ER, but the early peaks of Fli-I and BRG1 recruitment were eliminated. The reduction of Fli-I level by another siRNA targeting a different part of the coding region of Fli-I caused a similar inhibition of BRG1 occupancy on the pS2 promoter ( Supplementary Fig. S3A ). Thus endogenous Fli-I is required for the initial peak of recruitment of BRG1, and presumably the SWI/SNF complex, to the pS2 promoter in response to E2.
In contrast to the effect on BRG1 recruitment, reduction of endogenous Fli-I had no effect on the E2-dependent recruitment of Med1/TRAP220, a component of the Mediator complex, to the pS2 promoter (Fig. 6C) , demonstrating a specific role for Fli-I in recruitment of BRG1. The Mediator complex is involved in recruitment of RNA polymerase II to many promoters.
Although the ability of Fli-I to bind BAF53 suggests a possible mechanism for recruitment of SWI/SNF, Fli-I could potentially also interact with other components of the SWI/SNF complex, such as actin, to which it is known to bind (15,16) ; or Fli-I could influence SWI/SNF recruitment by an indirect mechanism. To explore the role of BAF53 in Fli-I mediated recruitment of SWI/SNF, additional ChIP assays were performed in MCF-7 cells with reduced levels of BAF53. As when Fli-I levels were reduced, depletion of BAF53 by siRNA eliminated the initial E2-induced peak of BRG1 recruitment to the pS2 promoter but did not affect the second smaller peak of BRG1 recruitment (Fig. 6D) . Thus, BAF53 as well as Fli-I is required for the initial peak of BRG1 recruitment, consistent with a mechanism of SWI/SNF recruitment by Fli-I which involves interaction of Fli-I with BAF53.
Role of Fli-I in E2-dependent recruitment of BRG1 to the GREB1 promoter. We examined another ER target gene, GREB1, which has three putative estrogen response elements. The most robust recruitment of ERα occurs at a site 1.6 kb upstream from the transcription initiation site, and recruitment of ER occurs there in a cyclical fashion, as with the pS2 promoter (23) . We observed a cyclical recruitment of BRG1 to the GREB1 promoter, with peaks at approximately 15 min and 90 min, similar to what we observed on the pS2 promoter; but in contrast to the pS2 promoter, the second peak of BRG1 recruitment was higher than the first peak on the GREB1 promoter (compare Fig. 7A with Fig. 6A and D) . As on the pS2 promoter, depletion of Fli-I by siRNA transfection eliminated the first peak of BRG1 recruitment but had no effect on the second peak (Fig. 7A) . A more detailed analysis of the first 60 minutes of E2 treatment confirmed that depletion of Fli-I had no effect on ER recruitment but eliminated the first peak of BRG1 recruitment (Fig. 7B) . Similar results were obtained with another siRNA targeting a different part of the coding region of Fli-I (Supplementary Fig. S3B ). Thus Fli-I is required for recruitment of BRG1 to the GREB1 promoter as well as the pS2 promoter, suggesting a broader role for Fli-I in estrogen regulation of various ER target genes. (Fig. 8A) . Depletion of either Fli-I or BAF53 compromised the E2-induced increase in mRNA levels of three ER target genes (pS2, GREB1, and cathepsin D) but had no effect on the level of β-actin mRNA, relative to GAPDH mRNA (Fig. 8A) . The reduction of target gene expression was consistent throughout the 48-hour time period examined. The reduction of Fli-I or BAF53 level by another siRNA targeting a different part of the coding region of Fli-I or BAF53 caused a similar inhibition of ER target gene expression (Supplementary Figs. S1 and S4). Furthermore, depletion of BRG1 by siRNA caused a similar reduction in E2-induced expression of ER target genes (Fig.  8B) , as expected, suggesting that loss of the initial peak of BRG1 recruitment caused a sustained deficiency in E2-dependent transcription on these promoters. A similar result was observed with a second siRNA targeting a different part of the coding region of BRG1 (Supplementary Fig. S5 ). Thus both Fli-I and BAF53 are required for optimal recruitment of BRG1 to E2-responsive promoters, and all three of these proteins are required for E2-enhanced expression of ER target genes.
DISCUSSION
Role of Fli-I in recruitment of SWI/SNF
chromatin-remodeling complexes to estrogen-responsive gene promoters. While Fli-I was previously shown to enhance transient reporter gene activation by nuclear receptors and was required for hormone dependent expression of the transient reporter gene (14), we show here that Fli-I is required for efficient hormonal induction of endogenous ER target genes (Figs. 1 & 8) . In multiple independent experiments, there was a strong linear correlation between the degree of reduction in Fli-I mRNA and the degree of reduction in target gene expression. Furthermore, the slope for the plot of % reduction of pS2 mRNA versus % reduction of Fli-I mRNA was close to 1 (Fig. 1C) , suggesting that Fli-I has a very important role in hormonal activation of ER target genes.
SWI/SNF chromatin-remodeling complexes are required for ER-mediated transcriptional activity (31, 32) . Guided by the findings that Fli-I binds actin and actin related SWI/SNF component BAF53 (15, 16) and that Fli-I requires the SWI/SNF complex to activate ER-mediated transcription in transient transfection assays (Fig. 4) , we demonstrated that Fli-I plays an important role in recruitment of BRG1-containing SWI/SNF complexes to two different ER target genes (Figs. 6 & 7) . Our results therefore suggest a model whereby SWI/SNF is recruited to estrogen-responsive promoters by the interaction of its BAF53 subunit with Fli-I (Fig. 8C) . This result was unexpected, given the previous demonstrations that various subunits of the SWI/SNF complex can interact with ERα and with the glucocorticoid receptor (6, 7, (33) (34) (35) (36) , and the implicit assumption that these interactions were responsible for recruitment of SWI/SNF to steroid hormone responsive promoters. While our results demonstrate that Fli-I is required (presumably by bridging ER or ER-associated coactivators to BAF53) for recruitment of SWI/SNF to estrogen responsive promoters, it is possible that interactions of ER with additional subunits of SWI/SNF also contribute to SWI/SNF recruitment, as discussed further below.
Fli-I, through the G3 module of its gelsolin-like domain, binds directly to the LBD of ER in a hormone-dependent manner (Fig. 2) , and the Fli-I G1 module binds directly to BAF53 (Fig. 3) . These findings support a model for Fli-I to recruit the SWI/SNF complex to DNA-bound ER (Fig.  8C ) and also provide an explanation for the previously described ability of the GelA fragment of Fli-I to enhance transcriptional activation by ERα in transient reporter gene assays (14) (Fig. 4C) . Indeed, the G1 module within the GelA fragment of Fli-I has a strong autonomous activation domain when fused to Gal4 DBD (Fig. 4A) , and this activity may be due to its ability to recruit BAF53 and the associated SWI/SNF complex, since the E585K mutation in Fli-I eliminated binding to BAF53 (Fig. 3D) and most of the transactivation activity of G1 (Fig. 4B) . In contrast to CV-1 cells (14), GelA did not show coactivator activity in SW13 cells, which lack BRG1 and hBRM. However, upon reintroduction of BRG1 by transient transfection, GelA regained its coactivator function in a BRG1-dependent manner, suggesting that Fli-I requires the SWI/SNF complex for its coactivator function. Moreover, we found that the interactions with BAF53 and ER are critical for GelA to activate ER-mediated transcription (Fig. 4C) . Neither the GelA(E585K) nor the GelA(LL/AA) mutant protein was able to activate transcription as efficiently as wild type GelA in SW13 cells transfected with BRG1. However, in addition to ER and BAF53, Fli-I can also bind to the p160 coactivator GRIP1 and to the protein methyltransferase CARM1 (14) ; which of these interactions is responsible for recruitment of Fli-I to estrogen-responsive promoters still remains to be determined. Multiple contacts with ER and other coactivators may contribute to stable recruitment of Fli-I to the promoter.
Roles of BAFs in chromatin-remodeling complexes.
It has been proposed that β-actin and actin-related proteins are required for the maximum ATPase activity of SWI/SNF (37, 38) and for the stable association of chromatin-remodeling complexes with chromatin (39) . Recently, it has been demonstrated that BAF53b, a neuronspecific BAF53-related component of SWI/SNF, is specifically required for targeting SWI/SNF to the promoter of genes essential for dendritic growth (40) . Our findings indicate an important role for BAF53 in E2-stimulated expression of ER target genes (Fig. 8) . The essentially identical reductions in E2-dependent expression of ER target genes caused by reduction of BAF53 or Fli-I (Fig. 8) , coupled with the direct binding of BAF53 to Fli-I in vitro (Fig. 3) , further support the model that the interaction of Fli-I with BAF53 is responsible for recruitment of SWI/SNF to promoters of ER target genes. It was recently demonstrated that BAF53 is required for expression and interchromosomal interactions between two ER target genes in response to E2 (41) . Our findings provide an apparent molecular mechanism for the involvement of BAF53 in the reorganization of chromatin domains by showing that Fli-I is responsible for linking BAF53 to the transcription complex formed by hormone-activated ER.
Other subunits of SWI/SNF complexes have previously been shown to bind steroid hormone receptors. BAF57 binds to ERα and to p160 coactivators and is required for E2-dependent expression of transiently transfected reporter genes and endogenous ER target genes (33, 34) . Interaction of the glucocorticoid receptor with SWI/SNF was reported to be mediated by BAF60a in a ligand independent manner (35) and by BAF250 in a ligand dependent manner (36) . Similarly, the interaction of SWI/SNF complexes with androgen receptor is mediated by direct interaction of androgen receptor with BAF57 and BAF155 (42, 43) . However, whether any of these interactions is required for recruitment of SWI/SNF to steroid hormone-regulated target genes has not been determined. Since SWI/SNF complexes are very large (~ 2 Mdal), multiple protein-protein interactions might be involved in its association with the transcription initiation complex assembled by ER.
Role of Fli-I in the complex temporal pattern of SWI/SNF recruitment, and implications for the mechanism of transcriptional activation. Chromatin immunoprecipitation studies defined an ordered, sequential, and cyclical pattern of steady-state level occupancy by ER, various coregulators, and various histone modifications on the pS2 promoter upon exposure of MCF-7 cells to E2 (28) (29) (30) . Multiple peaks of steady state ER recruitment are observed, separated by intervals of approximately 40 min. After the beginning of E2 treatment, BRG1 occupancy increases in parallel with ER recruitment but reaches its first peak of occupancy at 10 min, before the first ER peak of occupancy; subsequent peaks of BRG1 occupancy occur in between the peaks of ER occupancy and coincide with recruitment of HDAC1 and HDAC7 (30) . It was therefore proposed that the first peak of BRG1 occupancy helps to establish a chromatin conformation permissive for transcription initiation, while the subsequent peaks of BRG1 recruitment facilitate clearance of ER and the transcription complexes from the promoter.
We observed a similar E2-induced cyclical pattern of pS2 and GREB1 promoter occupancy by ER and BRG1 in MCF-7 cells, with the first peak of BRG1 recruitment overlapping with but reaching a maximum before the first peak of ER occupancy and the second peak of BRG1 recruitment occurring between peaks of ER occupancy (Figs. 6 & 7) . Remarkably, we observed that only the initial peak of recruitment of BRG1 was eliminated by reducing cellular levels of Fli-I or BAF53, while the second peak of BRG1 occupancy at 90 min still occurred normally (Figs. 6 &  7) . These results suggest that BRG1 and SWI/SNF complexes are recruited by Fli-I interaction with BAF53 during the initial peak of BRG1 occupancy, but SWI/SNF uses a different mechanism of recruitment that does not require Fli-I or BAF53 in subsequent peaks of recruitment. This conclusion apparently fits well with the previous conclusion that the BRG1-based SWI/SNF complex is required for promoting transcription during its first peak of occupancy, but is involved with clearing ER and the transcription complex from the promoter during subsequent peaks of recruitment (30) . In any case, inhibition of only the initial, but not subsequent, peaks of BRG1 and SWI/SNF recruitment by depletion of Fli-I or BAF53 has a profound effect on the E2-induced expression of ER target genes (Fig. 8A) . While the actual peak of Fli-I occupancy occurs slightly after the first peak of BRG1 occupancy at 10 min, there may be sufficient Fli-I on the promoter at 10 min to recruit BRG1. Alternatively, Fli-I may facilitate BRG1 recruitment by an indirect mechanism that is not currently apparent. In any case, our data demonstrate that Fli-I is required for recruitment of SWI/SNF complexes to the promoter to help establish the initial transcription initiation complex (Fig. 8C) , while subsequent rounds of promoter occupancy by SWI/SNF involve another mechanism of recruitment which is yet undefined.
Implications for coordination of SWI/SNF and Mediator functions. Whether chromatin remodeling by SWI/SNF-type complexes and histone modifying enzymes is required for recruitment of the Mediator complex (which is implicated in recruitment of RNA polymerase II), or vice-versa, has been a topic of considerable debate and may depend on promoter context (44) (45) (46) (47) (48) . Sequential recruitment of the p160 coactivator complex (which contains several histone modifying enzymes), Mediator complexes, and SWI/SNF-type complexes has been proposed to account for their combinatorial and complementary actions in mediating transcriptional activation (29, 30, 49) . Our observations indicate that the recruitment of Mediator complex to the pS2 promoter is not dependent on the initial recruitment of SWI/SNF, since depletion of Fli-I with the accompanying elimination of the first peak of SWI/SNF recruitment had no effect on recruitment of Mediator component Med1/TRAP220 (Fig. 6C) . However, depletion of Fli-I compromised recruitment of RNA polymerase II in response to hormone (Fig. 6A) , suggesting that both Fli-I and Mediator contribute to recruitment of RNA polymerase II to the pS2 promoter after hormone treatment. We also recently showed that another coactivator, CCAR1, is required for recruiting the Mediator complex to the pS2 promoter (50) . Since both Fli-I (this study) and CCAR1 (50) can interact with ER and with components of the p160 complex, Fli-I and CCAR1 would appear to provide a possible mechanism for coordination of the complementary functions of three important coactivator complexes, i.e. p160, Mediator, and SWI/SNF. Thus, we have begun to establish the functional relationships and interdependencies among the many coactivators required for transcriptional activation. Fig. 1 . Reduction of endogenous Fli-I attenuated the expression of ER target genes. (A) Domains of Fli-I: LRR, N-terminal leucine rich repeats; GelA and GelB, the gelsolin-like domain consisting of two large tandem repeats; the six numbered regions represent small repeated modules homologous to the actin binding motifs of gelsolin. (B) Depletion of Fli-I mRNA and protein by siRNA transfection. MCF-7 cells were transfected with siRNA specific for Fli-I (siFli-I) or non-specific siRNA (siNS) and grown in hormone free-media for 72 h. Total RNA was analyzed for Fli-I mRNA by qRT-PCR and normalized to the level of GAPDH mRNA. Protein levels of Fli-I, ER, and β-actin were assessed by immunoblot. (C) Effect of reduced Fli-I on expression of estrogen-responsive genes. MCF-7 cells were transfected with siFli-I or siNS and grown in hormone free-media. After 72 h cells were treated with 100 nM E2 or vehicle for 24 h. Total RNA was analyzed by qRT-PCR. The levels of pS2, GREB1 and cathepsin D mRNAs were normalized to that of GAPDH mRNA. Results shown in the bar graphs are mean and SD of data from seven independent experiments. P values were determined by paired, two-tailed t-tests from the seven independent experiments, as indicated by the brackets in the figures. Results of all seven independent experiments are shown in Supplementary Table S1 . The line graph shows the correlation between reduction of Fli-I and pS2 mRNA levels. From the seven independent experiments in Supplementary Table S1, % reduction of pS2 mRNA was plotted against % reduction of Fli-I mRNA, and the R 2 value was calculated. Gal4-G6
FIGURE LEGENDS
Gal4-G5
Gal4-G4
Gal4-G3
Gal4-G2
Gal4-G1
Gal4
Luciferase Activity (RLU X1000) by guest on November 19, 2017 
